I N T R O D U C T I O N
Copepod responses to the quality of food are a function of the nutritional composition of the available food (mineral and biochemical content), of their ability to select for the most complete nutrition (selective feeding and assimilation) and of their nutritional needs. Responses in growth, reproduction and mortality to the food quality have frequently been demonstrated in monospecific diets (Jónasdóttir, 1994; Koski et al., 1998) , which are limited by mineral ratios (Urabe and Watanabe, 1992; Elser and Hassett, 1994) , highly unsaturated fatty acids (HUFAs) (Müller-Navarra et al., 2000) , sterols (Klein Breteler et al., 1999) or amino acids (Kleppel et al., 1998) , among other factors.
In mixtures of food species, copepod growth and/or reproduction are likely to be less dependent on the nutritional composition of the individual food species (Anderson and Pond, 2000) ; according to Kleppel (Kleppel, 1993) , dietary diversity is a key to the procurement of a nutritionally complete ration. Indeed, several studies have shown the superior quality of food mixtures compared with single species diets, either experimentally (Roman, 1984; Kleppel and Burkart, 1995; DeMott, 1998; Jones and Flynn, 2005) or theoretically (Anderson and Pond, 2000) . This has been shown in copepods (Kleppel and Burkart, 1995) , cladocerans (DeMott, 1998) and rotifers (Rothhaupt, 1991) . Observed beneficial effects of mixtures include increased reproduction and juvenile growth rate (Boersma and Vijverberg, 1995; Kleppel and Burkart, 1995; Twombly et al., 1998; Bonnet and Carlotti, 2001) , shortened development time (von Elert and Stampfl, 2000) and increased carbon gross growth efficiency (Sommer, 1998; Anderson and Pond, 2000) .
Different food sources can potentially complement each other if (i) one abundant but nutritionally poor food source provides energy and the other nutritionally high quality but relatively scarce food supplies the essential trace elements (Roman, 1984; von Elert and Stampfl, 2000) or (ii) the two food species lack different essential compounds (DeMott, 1998) . It is also possible (iii) that toxic or harmful species, if supplied in low concentration, add to the quality of the main food species (Schmidt and Jónasdóttir, 1997; Koski et al., 2000) or at least that they do not detract from that quality. As the natural food environment of copepods usually consists of more than one species, the ability to exploit mixtures of food may be as important as the biochemical quality of the individual food species in determining the success of a copepod population.
The capability to exploit food mixtures depends on copepod behavioural and physiological characteristics, which are not necessarily the same in different life stages and species of copepods. Hence, for freshwater zooplankton similar food mixtures had different effects on the performance of different species (Lundstedt and Brett, 1991; DeMott, 1998) and life stages (DeMott, 1998; von Elert and Stampfl, 2000) ; differences in copepod lifehistory traits as a response to food mixtures have even been observed on the individual level (Twombly et al., 1998) . Apart from different nutritional requirements among marine copepod species (Roman, 1991) , the different responses were possibly due to differences in the ability to catch, ingest (Berggreen et al., 1988; Støttrup and Jensen, 1990) or assimilate (Reinfelder and Fisher, 1990; Mayzaud et al., 1998 ) the different food particles or their constituent compounds.
The present study concentrates on life-stage-specific differences in copepods' ability to obtain a nutritionally balanced diet (demonstrated by high growth and/or reproduction) in different food mixtures. We wanted to know if copepods are able to grow and/or reproduce (i) by using energy from nutritionally poor algae supplied with essential elements from a small amount of nutritionally sufficient algae or (ii) by combining two nutritionally poor algal species, which may either lack some essential elements or contain harmful substances. Furthermore, we wanted to know (iii) if copepods' ability to combine their diet from several food sources is species or life-stage specific. The life-stage-specific differences in copepods response to food mixtures as well as the potential effects of food quality are discussed.
M E T H O D
Experiments were conducted using two calanoid copepod species, Temora longicornis (Müller) and Pseudocalanus elongatus Boeck, which were fed with mixtures of food sources selected for their inability to support growth and egg production, namely the green alga Dunaliella sp., the dinoflagellate Amphidinium sp., the prymnesiophyte Chrysochromulina polylepis and the cyanobacteria Synechococcus sp. (Støttrup and Jensen, 1990; Jónasdóttir, 1994; Koski et al., 1998; Klein Breteler et al., 1999) . We used two different food ratios, 10:1 and 1:1 (in terms of carbon), to investigate, respectively, whether the copepods were able to develop or reproduce (i) at a high concentration of nutritionally poor food species supplied with a little amount of high-quality food or (ii) by combining two nutritionally poor food species. We included a nutritionally complete food species (cryptophyte Rhodomonas sp.) and filtered seawater, respectively, as a control for maximum and minimum egg production/development, we included a nutritionally complete food species (cryptophyte Rhodomonas sp.) and filtered seawater, respectively. The response of adult stages was measured as egg production and hatching success, and the response of juvenile stages as development, growth and juvenile mortality. All experiments were performed at 158C.
The total food concentration was kept above the saturation level (560 ± 24 mg C L À1 ) by renewing 80% of the food suspension daily. For mixture experiments, high concentration of Dunaliella sp. was supplied either with a small amount (47 ± 3 mg C L À1 ) of the control food, Rhodomonas sp. (10:1), or with a 1:1 ratio of Amphidinium sp., C. polylepis or Synechococcus sp. In addition, we used a 1:1 mixture of C. polylepis and Amphidinium sp. and of all four nutritionally poor food species in one mixture. These mixtures will hereafter be referred to as Du + Rh, Du + Am, Du + Ch, Du + Sy, Ch + Am and Du + Am + Ch + Sy. As a control for the poor quality of mixed food species, we also conducted experiments with all the selected algae supplied as a single species diet. Two mixtures that induced different responses between the copepod species or life stages (Du + Rh and Du + Am) were chosen for grazing experiments to reveal whether the observed differences were due to differential ingestion of food species. Different experiments with the numbers of replicates are listed in Table I .
As a criteria for 'nutritionally poor' food species, we used copepods' response rather than the properties of algae; however, it seems likely that the reason for the failed growth and reproduction of copepods fed with Dunaliella sp. and Synechococcus sp. is the lack of long-chain fatty acids and sterols (Ahlgren et al., 1992;  Table II) , whereas nitrogen may be limiting with C. polylepis (Table II) , and the presence of harmful substances may interfere with copepod production when they are fed with Amphidinium sp. and C. polylepis (Huntley et al., 1986 (Huntley et al., , 1987 Nielsen et al., 1990) . Previous experiments showed that P. elongatus ingested Dunaliella sp. and Amphidinium sp., whereas grazing rates on C. polylepis were low (Koski et al., 1998) as would probably be the grazing rate on Synechococcus sp., which is too small to be efficiently ingested by copepods (Hansen et al., 1994) . C. polylepis and Synechococcus sp. were, however, included in experiments because of the reports showing beneficial effects of species, which are not ingested if offered alone but which contribute to the diet if offered in mixtures with other species (Schmidt and Jónasdóttir, 1997) .
Cultures
For development and egg production experiments, algae were cultured in chemostats, using F/2 medium (Guillard, 1975) were cultured in $1 L batch cultures, under otherwise similar conditions as the chemostats, and used in experiments 1-3 weeks after the start of the cultures. Cell densities and the mean cell volume of algae were measured using an ELZONE electronic particle counter (Particle Data Inc.). The particulate organic carbon and nitrogen contents of algae were measured with a Carlo Erba CHN analyser, after filtering 1-10 mL of algae culture onto pre-combusted GF/C filters and storing at À508C. The carbon and nitrogen contents of Synechococcus sp. were not measured but estimated from volume, according to Verity et al. (Verity et al., 1992 (Ackman et al., 1968; Viso and Marty, 1993; John et al., 2002) ; Synechococcus sp. was assumed not to contain any HUFAs (Ahlgren et al., 1992) . Volume, carbon and nitrogen contents, C:N ratio and presence/absence of HUFAs EPA and DHA in the algae are listed in Table II .
Cohorts of copepods were reared in the laboratory at 158C and a 16 h light : 8 h dark cycle of dim light. Cultures were fed with a mixture of Rhodomonas sp., Isochrysis galbana and Oxyrrhis marina in concentrations above 300 mg C L À1 (Klein Breteler, 1980; Klein Breteler et al., 1982) . Under these temperature and food conditions, the respective development time of T. longicornis and P. elongatus from early nauplius stages to adults is $15 days (Klein Breteler and Gonzalez, 1986; Klein Breteler et al., 1995) . The sex ratio in the cultures was close to 1, suggesting that all females were fertilized at the start of the experiments. However, both copepod cultures were characterized by a relatively low maximum egg production ($12 and 3% body weight day À1 for T. longicornis and P. elongatus, respectively), possibly connected to the time when the copepod cultures were isolated (midwinter).
Experiments

Development experiments
Development experiments were started using newly hatched nauplii (N I-III), as described in detail in the work of Koski et al. (Koski et al., 1998) . Approximately, 1000 nauplii were placed in bottles of 1.2 L, containing the appropriate food suspension, and rotated at 1 rpm. All bottles were closed airtight to avoid bubbles. The bottles were sampled three times per week; the sample size was adjusted to keep the copepod biomass in the bottles constant. Simultaneously with sampling, >80% of the food suspension was renewed by reverse filtration. The copepods were counted, development stages were determined under a dissecting microscope (!20 individuals sample À1 ), and the copepods were collected for C:N analysis. For the analysis, the copepods were rinsed three times in 0.2 mm filtered seawater and placed in clean tin cups (in 20 mL of 0.2 mm filtered seawater) in groups of $40 nauplii or 20 copepodites and stored at À208C until analysis. The particulate carbon and nitrogen contents of copepods were measured using a Carlo Erba CHN analyser, using methionine as the standard. The development rate was expressed as the increase of mean stage (calculated from the stage frequency distribution in the samples) over the course of time. The C-specific growth rate of the copepods was calculated as an (exponential) increase in carbon over the course of time, according to Huntley and Lopez (Huntley and Lopez, 1992) . Instantaneous rates of mortality during development were calculated after correcting for sampling mortality, according to Klein Breteler et al. (Klein Breteler et al., 2004) .
Egg production experiments
Copepods used in experiments originated from a recently (within 4 days) matured generation. Females used in egg production experiments were acclimated to the experimental food suspension for at least 3 days. A total of 5-15 adult females were rotated at $1 rpm in 1.2 L bottles containing the appropriate food suspension. During the acclimation period, the food suspension was renewed daily. After 3 days, the females were carefully filtered onto a 200 mm net to remove the eggs and nauplii and their condition was checked. Actively swimming individuals were then either placed in 1.2 L rolling bottles (P. elongatus, which carries egg sacs) or in 1 L glass beakers with a 200 mm net suspended close to the bottom, allowing the eggs to pass (broadcast spawning T. longicornis). The egg production experiment for T. longicornis was terminated after 24 h, whereas P. elongatus egg production was measured for $48 h. This difference was made because all P. elongatus females were without egg sacs at the beginning of the experiment, and we assumed that forming a new egg sac could take more than 24 h. At the end of the experiments, females and eggs were filtered onto a 50 mm net, $10 females per sample were collected for carbon analysis as described above, and eggs were counted. The hatching success of T. longicornis eggs was measured by counting the remaining eggs and nauplii after incubation of the recovered eggs (!35 eggs sample À1 ) in petri dishes with <2 mm filtered seawater at 158C for >3 days. The carbon-specific egg production was calculated from the carbon content of females, measured for each food source, and the carbon content of eggs collected from the stock copepod culture (>100 eggs per sample) and treated and analysed, as described above. The carbon content of T. longicornis and P. elongatus eggs was 0.09 ± 0.06 (n = 2) and 0.19 ± 0.12 (n = 5) mg C egg À1 , respectively.
Grazing experiments
Grazing experiments were conducted using 10:1 and 1:1 mixtures of Du + Rh and Du + Am, respectively, both for juveniles and females of the two copepod species.
Experiments at a high concentration of Rhodomonas sp. served as a control. At the beginning of each experiment, 20-133 juveniles (from sixth nauplius stage to third copepodite stage), or 10-15 adult females were collected from the stock culture and placed into 0.2-0.35 L (juveniles) or 0.5-1 L (adults) bottles containing the aimed food suspension. The number of animals used depended on the development stage: the total carbon content of grazers was always kept >15% of that of the food. After 24 h acclimation to the food conditions, the copepods were moved to a new food suspension and two to three control bottles without copepods were set up. All bottles were incubated for $24 h using a plankton wheel rotating at 1 rpm. At the beginning and end of the incubations, algae concentrations were measured using a flowcytometer (Coulter Epics XL-MCL). The cells were distinguished based on size and pigment-specific fluorescence; $0.5 mL (at least 300, but typically >1000 cells per species) of each sample was counted. At the end of the incubations, copepods were checked for condition and development stage. The concentration of any of the food species never decreased for more than 20% during the incubations; in most cases, the food concentration remained stable or slightly increased.
As the obtained grazing rates were relatively variable, the experiments were repeated later, using the same copepod and algae species and set up as described above. T. longicornis and P. elongatus cultures used in new experiments originated from the central North Sea. The algae concentrations in new Du + Am experiments were counted by using an inverted microscope, from duplicate settled 1 mL samples (>300 cells sample À1 ). The two components of the Du + Rh diet are identical in terms of size and cannot be separated using methods such as the ELZONE particle counter or traditional light microscopy, and we therefore used a FlowCAM II (Fluid Imaging Technologies, Maine, MN, USA). The FlowCAM is a flowcytometer combined with an in-image in-flow device. However, in this study we only used the flowcytometer facility of the instrument. The FlowCAM was equipped with two fluorescence detectors-a 660 nm long pass filter for chlorophyll and a 575 ± 20 nm band pass filter for the detection of phycoerythrin. Phycoerythrin is a unique pigment for the cryptophyte algal group and allowed us to separate Rhodomonas sp. from the green algae Dunaliella sp.
Grazing was calculated according to Frost (Frost, 1972) . To calculate weight-specific ingestion, we derived the weight of juveniles from a linear regression between log carbon weight and development stage at the high concentration of Rhodomonas sp. (r = 0.85 and 0.95 for T. longicornis and P. elongatus, respectively). Weight-specific ingestion of females in 'old' experiments and P. elongatus females in 'new' experiments was calculated using the diet-specific carbon content of females, measured in egg production experiments. As T. longicornis from the North Sea was substantially larger than T. longicornis from the Dutch Wadden Sea, the weight-specific ingestion of T. longicornis adults in 'new' experiments was, however, calculated using recent carbon measurements from the copepod culture (11 ± 1 mg C individual À1 ). As a measure of copepod food selectivity, the selection index a was used (Chesson, 1983) . This index relates the ingestion of different algae to their abundance (both in carbon); in mixtures of two food species a > 0.5 indicates positive selection (Chesson, 1978) . As the obtained weightspecific ingestion rates and prey selection in the new experiments were not significantly different from the old ones (t-test; P > 0.05; separately for each food species and copepod species and life stage), the results of the 'new' and 'old' grazing experiments were pooled.
Statistical analysis
Diet-specific differences in juvenile mortality (Z) and growth (g) were tested using the analysis of covariance (ANCOVA), whereas diet-and species-specific differences in weight-specific egg production were tested with a two-way analysis of variance (ANOVA). Two-way ANOVA was also used to test the species-/life-stageand diet-specific differences in weight-specific ingestion (both in carbon and nitrogen). Hatching success and female carbon and nitrogen contents and C:N ratio were tested for differences between the diets with a one-way ANOVA. Weight-specific ingestion and selection index a were formally tested against zero (no ingestion) or 0.5 (no selection), with a one-sample t-test. Tukey HSD, a posteriori test, was used for all pairwise comparisons. To test whether copepods response related to the quantity or quality of available food, we ran the Spearman rank correlation analysis for weight-specific egg production, hatching, female carbon and nitrogen contents, female C:N ratio, weight-specific growth, specific mortality, food carbon and nitrogen concentration, food C:N ratio and food HUFA (EPA + DHA) concentration, separately for adults and juveniles.
R E S U L T Development, growth and juvenile mortality
Of all the food conditions tested, T. longicornis and P. elongatus only completed their development at a high concentration of Rhodomonas sp.; this is the nutritionally replete control (Fig. 1A) . In filtered seawater, neither of the copepod species developed beyond the third nauplius stage. If Synechococcus sp. or C. polylepis were offered as the sole prey, development was comparable with that in filtered seawater. When using Amphidinium sp. or a low concentration of Rhodomonas sp., copepods developed slowly through most nauplius stages but failed to moult beyond early copepodite stages (Fig. 1A) , a result comparable with that obtained at a high concentration of Dunaliella sp. (Koski et al., 1998; Klein Breteler et al., 1999) . Neither T. longicornis nor P. elongatus was able to complete their development using any of the food mixtures offered (see Table I ), but development was equal to that in single species controls (Fig. 1B) .
Juvenile mortality corresponded to the development, with significantly lowest mortality on Rhodomonas sp. (7-9% day À1 ) and highest mortality in filtered seawater and on sole diets of Synechococcus sp. and C. polylepis (>50% day À1 ; Table III ). In contrast, there was no significant differences in growth rate between diets which supported development through most of the nauplius stages (Rh, Rh50, Am, Du + Rh, Du + Am, Du + Ch, Du + Sy), but the growth rate was 0.11-0.14 g C (g C) À1 day À1 and 0.8-0.15 g C (g C) À1 day À1 for T. longicornis and P. elongatus, respectively (data not shown). However, with food species where development was comparable with that in filtered seawater, no significant growth was obtained. The growth or mortality of neither of the copepod species correlated with any of the measured food parameters: food carbon (data not shown) or nitrogen concentration, C:N ratio or concentration of EPA and DHA (Fig. 2) . Furthermore, there was no significant correlation between growth and mortality of the two species (Spearman rank correlation; P > 0.05).
Reproduction and female carbon content
There were significant differences in weight-specific egg production both among the food species and the two copepods (two-way ANOVA; P < 0.0001). For T. longicornis, the egg production using the Rhodomonas sp.
control was 9% of body carbon day À1 , which corresponds to the previous estimates with the same species (Corkett and Zillioux, 1975; Harris and Paffenhöfer, 1976) . Much lower egg production rates were obtained in all the other single species, which confirmed their low nutritional value. However, mixtures of Dunaliella sp. either with a low concentration of Rhodomonas sp. or with a larger concentration of any of the other nutritionally poor algae enhanced the egg production up to a level that was not significantly different from the that of control food (Tukey HSD; P > 0.05), although no such improved quality was found in the Ch + Am mixture (<4% of body carbon day À1 ; Fig. 3A ). For P. elongatus, a less clear increase in weight-specific egg production was obtained in mixtures with Dunaliella sp. Similar to previous results with the same copepod strain (Koski et al., 1998) , egg production in Rhodomonas sp. control was $3% of body carbon day
À1
, which was significantly higher than egg production in filtered seawater (<0.2% of body carbon day
; Tukey HSD; P < 0.05). For most of the other diets, egg production was low, <1% of body carbon day
. However, Du + Rh and Du + Sy diets enhanced egg production similar to the effect in T. longicornis, whereas no increase in egg production was obtained in Du + Ch and Du + Am mixtures (Fig. 3B) .
Egg-hatching success of T. longicornis showed no consistent differences between single species diets and mixtures. Hatching success was variable, ranging between 30% (filtered seawater) and 88% (Amphidinium sp.), and only marginally significantly different between individual diets (one-way ANOVA; P = 0.05). In contrast to egg production, hatching success was, however, generally lower in mixtures containing Dunaliella sp. (34-48 %), whereas presence of Amphidinium sp. seemed to assure a relatively high hatching success (>60%; Table IV); in fact the average hatching success on diets containing Dunaliella sp. but not Amphidinium sp. (Du + Ch, Du + Sy, Du + Rh) was two times lower (39 ± 23%; n = 17) than on diets which did contain Amphidinium sp. (Am, Am + Du, Am + Ch; 69 ± 21%; n = 8), the difference being significant (t-test; P < 0.01). For single species diets of Dunaliella sp., C. polylepis and Synechococcus sp., as well as for the low concentration of Rhodomonas sp., hatching success could not be measured because too few eggs were produced for accurate incubations.
Carbon and nitrogen contents of T. longicornis females in the end of the incubations showed a similar trend as egg production, with high carbon and nitrogen contents with Rhodomonas sp. and in mixtures inducing high egg production (Fig. 4A ). There were significant differences in both carbon and nitrogen contents between the different treatments (one-way ANOVA; P < 0.05) due to the significant decrease in carbon and nitrogen contents of starving females and females fed with C. polylepis (Tukey HSD; P < 0.05). Similarly, there were significant differences in carbon and nitrogen contents of P. elongatus females (one-way ANOVA; P < 0.05) with decreasing carbon and nitrogen contents and C:N ratio in all treatments except for Rhodomonas sp. and Du + Am mixture (Fig. 4B) . Although variable, the C:N ratio of neither of the species was significantly different between treatments (one-way ANOVA; P > 0.05; Fig. 4C ).
Egg production of both copepod species correlated positively with food nitrogen content and negatively with food C:N ratio (Spearman rank correlation; P 0.05; Fig. 5A ). In addition, egg production of T. longicornis correlated positively with egg production of P. elongatus (Spearman rank correlation; P < 0.01), suggesting that both copepod species reacted similarly to different diets. There was no correlation between egg production and concentration of carbon (data not shown) or HUFAs (EPA + DHA) in the food for either of the copepod species (Spearman rank correlation; P > 0.05). In contrast, hatching success of T. longicornis was significantly correlated with the concentration of EPA and DHA in the diet (Spearman rank correlation; P < 0.01) but not with food carbon (data not shown), nitrogen or C:N ratio (Spearman rank correlation; P > 0.05; Fig. 5B ).
Similarly to egg production, female carbon and nitrogen contents of T. longicornis were significantly positively correlated with food nitrogen and significantly negatively correlated with food C:N ratio (Spearman rank correlation; P < 0.05). In addition, there was a significant positive correlation between egg production and female carbon and nitrogen contents (Spearman rank correlation; P < 0.05), suggesting that on diets that induced high egg production also body reserves were high. In contrast, female carbon and nitrogen contents of P. elongatus were not connected to egg production (Spearman rank correlation; P > 0.05), and instead of food nitrogen or C:N ratio, female carbon and nitrogen contents correlated significantly with the food HUFA (EPA + DHA) concentration (Spearman rank correlation; P < 0.05; Fig. 5C ).
Grazing
Grazing of juvenile and adult copepods was measured using Du + Rh and Du + Am mixtures and the nutritionally sufficient control species Rhodomonas sp. to reveal whether the contrasting response of enhanced egg production versus no improved growth was due to a All regressions are significant (P < 0.01), except those for P. elongatus fed with Rhodomonas sp. in concentration of $50 mg C L À1 and the mixture of Du + Am + Ch + Sy (P > 0.05; in italics). Slope (z) describes the percentage of daily mortality. Abbreviations as in Table I. EPA + DHA different ingestion among life stages. Females and juveniles of T. longicornis and females of P. elongatus appeared to consume the algae at more or less the same rate, irrespective of species or abundance, so that in mixtures the algae were ingested about in proportion to their availability (Fig. 6) , without significant selection (onesample t-test; P > 0.05). In contrast, a stronger food selection appeared in P. elongatus juveniles, which strongly discriminated against Dunaliella sp. if a low concentration of Rhodomonas sp. was present, but in the mixture with Amphidinium sp., they only fed on Dunaliella sp. (onesample t-test; P < 0.05; Fig. 6A ). Weight-specific ingestion by T. longicornis females was significantly higher than weight-specific ingestion by P. elongatus females (two-way ANOVA; P < 0.01), with 2-to 3-fold difference both in carbon and nitrogen ingestion. Furthermore, weightspecific ingestion by P. elongatus females was significantly higher than weight-specific ingestion by P. elongatus juveniles (two-way ANOVA; P < 0.001). In contrast, there was no significant difference in weight-specific ingestion Hatching success of T. longicornis eggs (%) produced with different diets (mean ± SD). All hatching experiments are based on !35 eggs; if sufficient eggs were not produced, data were omitted (-). The total number of eggs per treatment is given in parenthesis. Abbreviations as in Table I .
by T. longicornis females and juveniles in any of the diets (two-way ANOVA; P > 0.05).
D I S C U S S I O N
We found a clear contrast between the responses of juvenile and adult copepods to different food mixtures, with elevated egg production in most of the mixtures but no improved growth in any of them. With T. longicornis, these life-stage-specific differences were unlikely due to different ingestions, whereas with P. elongatus a less diverse diet and/or a lower total food intake of juveniles could explain their low development in food mixtures.
The enhanced egg production of T. longicornis was, however, not accompanied by a high hatching success, indicating different regulating factors: whereas egg production was connected to food nitrogen content, hatching success correlated significantly with the concentration of HUFAs EPA and DHA (Fig. 5 ). Growth and juvenile mortality did not appear connected to any of the considered mineral or biochemical components of the diet (Fig. 2) , suggesting that other factors besides those food nutritional components measured were involved. The possible reasons behind the strong life-stage-specific responses, as well as the effect of food quality, are discussed in detail below.
Reproduction and food quality
Based on the previous reports of the effect of food quality on copepod growth and reproduction, we here considered food particulate organic nitrogen concentration and C:N ratio (Kiørboe, 1989; Jones and Flynn, 2005; Klein Breteler et al., 2005) and concentration of HUFAs EPA and DHA (Jónasdóttir, 1994; Broglio et al., 2003) as the most likely nutritional factors affecting egg production and hatching, although also sterols have recently shown to be important (Klein Breteler et al., 1999; Hassett, 2004) . A 3-to 4-fold increase in egg production of T. longicornis was obtained in all of the food mixtures (Du + Rh, Du + Am, Du + Ch, Du + Sy), with the exception of Am + Ch mixture, where egg production remained low. With P. elongatus, egg production was enhanced in Du + Rh and Du + Sy mixtures, whereas egg production remained low in mixtures containing Amphidinium sp. and C. polylepis (i.e. Du + Am, Du + Ch, Am + Ch). When egg production was plotted against food carbon, nitrogen or HUFA (EPA + DHA) concentration, both species reacted in a similar way (Fig. 5) , although the egg production of T. longicornis was generally higher. Whereas the egg production of both species was positively ) contents of (A) Temora longicornis and (B) Pseudocalanus elongatus females as well as (C) C:N ratio (g C: g N) of both species at the start and end of the incubations with different diets (mean ± SE). C, carbon; N, nitrogen. The dotted line indicates the carbon and nitrogen contents and C:N ratio of females fed with the high concentration of Rhodomonas sp. control. (Start) Females at the start of the incubations. Other abbreviations as in Table I . correlated with the food nitrogen content, there was no correlation between egg production and the food EPA/ DHA (Fig. 5A) . Although the use of literature values to calculate the HUFA content of Amphidinium sp. and C. polylepis can be criticized, it seems clear that, as cyanobacteria do not contain HUFAs (Ahlgren et al., 1992) , the enhanced egg production in Du + Sy was obtained without a substantial dietary HUFA addition. It seems therefore clear that high egg production can be maintained without HUFAs for at least 4 days (length of the incubation). Similar to the results of Weers and Gulati (Weers and Gulati, 1997) and von Elert and Stampfl (von Elert and Stampfl, 2000) , our results suggest that copepods' egg production in food mixtures is not dependent on the presence or absence of HUFAs in the diet.
In contrast, high hatching success seemed to need a substantial amount of HUFAs. Similar to the study of Lacoste et al. (Lacoste et al., 2001) , egg hatching in mixtures dominated by Dunaliella sp. was low and high hatching was only achieved in mixtures containing Amphidinium sp. (Table IV) . Furthermore, egg-hatching success was positively related to the HUFA content of the diet (Fig. 5B) and increased with increasing ingestion of DHA and EPA (data not shown). This agrees with the study of Broglio et al. (Broglio et al., 2003) and Arendt et al. (Arendt et al., 2005) , showing a tight coupling (ns) Ingestion rate not significantly different from zero (one-sample t-test; P > 0.05). (*) Significant selection for or against a food species (one-sample t-test; P < 0.05). Dotted line indicates the selection coefficient a = 0.5, where food species is eaten in proportion to its availability (no selection). Abbreviations as in Table I. between the hatching success and ingestion of essential long-chain polyunsaturated fatty acids. Egg production and hatching success of T. longicornis thus responded differently to food mixtures, indicating different regulating factors and a higher sensitivity of hatching to qualitative (biochemical) food limitation.
Irrespective of the high total food concentration and generally low C:N ratio of the most food species, there was a significant positive correlation between egg production and food nitrogen concentration, and a significant negative correlation between egg production and food C:N ratio (Fig. 5A) , for both copepod species. Furthermore, the lower ingestion of nitrogen by P. elongatus compared with T. longicornis could have explained the lower weight-specific egg production of this species. With the food C:N ratio ranging from 4.9 to 10 (Table II) and the female C:N ratio from 3.1 to 5.7 (Fig. 4C ), the C: N ratio of the food was generally well below the theoretical threshold for mineral limitation (Urabe and Watanabe, 1992) and lower than the C:N ratios previously reported to have substantial effects on egg production (Kiørboe, 1989; Jones et al., 2002) . Irrespective of this, it seemed that particulate nitrogen content of the food did have an effect on egg production, suggesting that copepod reproduction may become nitrogen-limited at relatively low dietary C:N ratios, especially as changes in lipid composition often accompany nutrient limitation (Klein Breteler et al., 2005) .
Similarly to egg production, female carbon and nitrogen contents of T. longicornis were significantly related to food nitrogen concentration and significantly negatively related to food C:N ratio (Fig. 5C) , suggesting that the obtained egg production was not due to the use of reserve lipids, but the food mixtures that supported high egg production also supported high body reserves. In contrast, there was no correlation between P. elongatus egg production and female body reserves, but the female body carbon and nitrogen were among the lowest in the two mixtures supporting enhanced egg production (Du + Rh, Du + Am), and the body carbon and nitrogen contents correlated with the amount of HUFAs in the diet (Fig. 5C ), suggesting that body reserves could have played a role in the egg production of this species. The body carbon of starved individuals of both copepod species decreased up to 60% during the 4 days of incubation (Fig. 4) , which agrees with Hirst and McKinnon (Hirst and McKinnon, 2001) , stating that female body mass is not in steady-state. Obviously, copepod egg production does not always represent adult female growth.
Although egg production seemed to be connected to food nitrogen content and egg hatching to food HUFA content, also other factors, such as algae toxicity, could have had an effect on reproduction. The only mixture that did not enhance the egg production of T. longicornis was the one with Ch + Am, whereas for P. elongatus, no improvement was observed in any of the mixtures where Amphidinium sp. or C. polylepis were present. As both species are potentially harmful for zooplankton (Huntley et al., 1987; Nielsen et al., 1990) , the low success of copepod species in mixtures containing either or both of these algae may have been due to toxic substances. In earlier experiments, adult survival of P. elongatus on Amphidinium sp. diet was lower than in filtered seawater, also indicating toxic effects (Koski and Klein Breteler, 2003) . If so, our results suggest higher sensitivity of P. elongatus than T. longicornis to toxic algal substances, which may restrict its ability to supplement the diet with small quantities of toxic or harmful algae (Schmidt and Jónasdóttir, 1997; Koski et al., 2000) .
Our results suggest that adult copepods are, at least to some extent, able to maintain high egg production supported both (i) by consumption of a small amount of nutritionally replete algae in addition to high concentration of poor algae (Du + Rh) and (ii) by combining two nutritionally poor algae (Du + Sy, Du + Am, Du + Ch). The high egg production in Du + Rh mixture indicates that copepods can maintain their egg production at only a low concentration of complementary compounds, given the energy is provided by other food sources, although hatching seems to need a substantial amount of essential elements. Similarly, combining two nutritionally poor food species seem to enhance egg production, given that the algae community is not limited by mineral ratios (Jones and Flynn, 2005) or dominated by toxic species. These observations imply that copepods should be able to obtain high egg production rates during blooms of nutritionally poor algae (assuming that some alternative prey is available), although without a guarantee for a high hatching success. Such high egg production has been frequently reported from the North Sea during Phaeocystis globosa blooms (Weiße, 1983; Fransz and Gonzalez, 1991; Hansen and van Boekel, 1991) , although single species diet of P. globosa rarely supports egg production in laboratory experiments (Tang et al., 2001) .
High reproduction but low development
In contrast to adult stages, no improvement in development was obtained in any of the food mixtures, and neither growth nor mortality correlated with any of the measured food nutritional components (Fig. 2) . The low development was connected to high mortality, suggesting that if the nauplii were not able to moult into the next stage, they died (Lopez, 1991) . The development in mixtures was generally arrested in last nauplii-first copepodite stages, which seemed to be a critical phase in naupliar growth. The starved nauplii did not develop past the third nauplius stage, indicating that all of the mixtures as well as single species diets of Amphidinium sp. and low concentration of Rhodomonas sp. were able to provide nutrition for most of the naupliar stages (albeit the mortality was high) but failed to support molting into copepodite stages. We consider (i) ingestion and food selection (Paffenhöfer and Knowles, 1978; Paffenhöfer, 1988) , (ii) nutritional requirements and food quality (Sterner and Robinson, 1994) , (iii) sensitivity for toxins and inhibitory substances and (iv) assimilation efficiency as possible reasons behind the observed stage-specific response.
In P. elongates, significantly higher ingestion by adults seemed to explain the observed stage-specific differences. The weight-specific ingestion rate of T. longicornis juveniles, however, corresponded to that of adults, but still the juveniles did not develop further than the last naupliifirst copepodite stages. The failure of T. longicornis to develop in the mixtures could therefore have been due to some nutritional element only required by nauplii, which either is not necessary during the development of early stages (before moulting into copepodites) or is used up during the first week of the development. As a small amount of Rhodomonas sp. did not improve the diet for naupliar growth (Du + Rh), it seems that this essential element (missing in Dunaliella sp.) was different or required in a much higher quantity for growth than for egg production. Furthermore, the missing essential element was not available from Amphidinium sp. or any of the other algae used, despite their different taxonomy and biochemical composition (Brown et al., 1997) . The lack of correlation between food carbon, nitrogen or HUFA (EPA + DHA) concentration and either growth or mortality suggests that none of these nutritional components was decisive for nauplii development. If due to a missing nutrient, the development failure should therefore be connected with some other essential elements not measured here, such as sterols (Klein Breteler et al., 1999 . Because sterols seem to be associated with moulting in crustaceans (Morris and Culkin, 1977; D'Abramo et al., 1984) , their absence could be responsible for the failure of nauplii to moult into copepodite stages.
It is also possible that the toxic substances in algae interfered with their supplementing effect. As growth apparently needs more than trace amounts of essential elements, nauplii would need to consume more of the possibly harmful substances in Amphidinium sp. and/or C. polylepis, which may interfere with, for example, digestion or assimilation of food (Dutz, 1998) . Therefore, the low growth of the unselectively feeding T. longicornis juveniles may not have been due to differential ingestion or nutritional requirements as such but to some life-stage-specific difference in digestion or assimilation of food mixtures, which in turn may be affected by the presence of inhibitory substances in the food species. The generally higher sensitivity of early life stages for harmful substances, as well as the potentially higher assimilation efficiency of reproducing stages (Urabe and Watanabe, 1991) , supports this possibility. However, future studies are needed to clarify the role of life-stage-specific differences in assimilation efficiency in explaining the mechanisms behind the observed life-stage-specific responses to food mixtures.
Our study, however, shows that juvenile copepods, in contrast to adults, cannot exploit food mixtures, which supports their higher food quality demands (Williamson et al., 1985; Jones et al., 2002) . As juvenile copepods also have a low critical food concentration for growth (Vidal, 1980a (Vidal, , 1980b Hart, 1996) , it seems that under natural conditions they will be more readily limited by food quality than by quantity. On the contrary, the higher critical food concentration combined with selective feeding behaviour may enable adults to gain a well-balanced nutrition during blooms of unfavourable algae. Under natural conditions, blooms of non-toxic phytoplankton, for example, cyanobacteria or Phaeocystis spp., and detritus are potential sources that may provide the required energy, supplemented by other, good or poor quality prey, including ciliates and other heterotrophic species. We suggest that there are large species and life-stagespecific differences in copepods' ability to use food mixtures and that the early life stages (both hatching and nauplii development) are likely to be more sensitive to qualitative food limitation. Our results demonstrate a high specificity of predator-prey relationships and stress the role of copepod behaviour and physiology in contributing to the success of both life stages and species in natural mixtures of food.
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